Limited information exists on comparing the effect of continuous and surge irrigation on hydraulic parameters and water quality under border-strip irrigation in the Canadian Prairies. A site on a clay loam soil in southern Alberta was used to compare these two irrigation methods (three replicates) on plots seeded to barley (Hordeum vulgare) in 1996 and 1997. Irrigation was conducted on borderstrip plots in July and August of each year. Irrigation hydraulic parameters, soil water content, chloride and sediment in runoff, chloride in suction lysimeters, soil and shallow groundwater, and the water table level were measured before and after irrigation. Surge irrigation significantly (P ≤ 0.10) reduced the following hydraulic parameters compared to continuous irrigation: irrigation water applied (129-304%), total surface runoff (93-257%), maximum outflow rate (25-146%), advance time to the end of the field (214-273%), total infiltration depth of water (135-390%), and total irrigation time. However, irrigation treatment had no significant effect on surface runoff and infiltration depth of water when expressed as a percentage of the total amount of irrigation water applied. Surge had little or no effect on the concentration, flow-weighted mean concentration (FWMC) and mass loss of chloride and sediment in runoff. The exceptions were in July 1996, where mass loss of chloride was 180% lower under surge; and in August 1997, where the concentration of chloride was 44% lower under surge. Irrigation method had little or no significant effect on the soil water content, concentration of chloride in suction lysimeters and groundwater, the total mass of chloride in the soil profile, and the water table level. However, there was a trend towards lower chloride values under continuous than surge irrigation in the lysimeters and soil, suggesting a potential for greater leaching under the former method. Although surge irrigation had little or no positive effect on water quality compared to continuous irrigation, surge is still the preferred irrigation method because of its many improvements in hydraulic parameters.
Introduction
Surface irrigation by gravity is practiced on 17% (82,783 ha) of the irrigated land in southern Alberta (Alberta Agriculture, Food and Rural Development 2002) . Continuous irrigation (CI) of water to basins, border strips or furrows has been the traditional method of surface irrigation. In this method, irrigation water is continuously applied until the water reaches the end of the field. However, this irrigation method is not very efficient because of high losses of runoff water (Goldhamer et al. 1987 ; Colorado State University Cooperative Extension 1993; Amali et al. 1997; El-Dine and Hosny 2000; Kanber et al. 2001 ) and high percolation and leaching losses (Colorado State University Cooperative Extension 1993; Kanber et al. 2001) , particularly at the up-slope location of the field (Goldhamer et al. 1987; Rogers and Sothers 1995; El-Dine and Hosny 2000) . Therefore, there is a concern that continuous irrigation may have a negative impact on surface water ; Colorado State University Cooperative Extension 1993; Evans et al. 1995 ) and groundwater quality (Miller and Shock 1992; Boldt et al. 1994) .
Surge irrigation (SI) is a relatively new surface irrigation method whereby water is applied to the field in "surges" or "on-off" cycles. Surge can improve the overall efficiency of surface irrigation by increasing application uniformity, decreasing runoff, reducing advance times and total irrigation time, and reducing deep percolation (Goldhamer et al. 1987; Rogers and Sothers 1995; Kanber et al. 2001) . The mechanism responsible for the surge effect is that reduced infiltration rates in the wetted portion of the field allows faster advance of subsequent irrigation streams towards the end of the field (Walker and Skogerboe 1987) . Possible causes of this intake rate reduction are: water redistribution in the soil, consolidation of soil, surface seal formation, crack filling, greater sediment detachment and movement, forced deposition and consolidation of suspended sediment on furrow perimeter when water supply is interrupted, and air entrapment (Kemper et al. 1988; Walker and Skogerboe 1987; Sirjacobs et al. 2001) .
The effect of SI on hydraulic parameters is dependent on the irrigation inflow rate and number of surge and cutback cycles (Izuno and Podmore 1986) . The surge effect is also generally greater for finer-textured soils that crack (Goldhamer et al. 1987; Saleh and Hanks 1989) , non-compacted soils (Kemper et al. 1988) , soils with crop residues (Evans et al. 1995 , and for the first irrigation compared to subsequent ones (Samani et al. 1985; Stringham 1988) .
Most previous studies comparing CI and SI have focused on explaining the possible causes of the surge effect (Izuno et al. 1985; Kemper et al. 1988; Saleh and Hanks 1989) , or have compared the hydraulic parameters under these two irrigation methods (Bishop et al. 1981; Evans et al. 1987; Goldhamer et al. 1987; Bakker 1994, 1995; Amali et al. 1997; ElDine and Hosny 2000; Kanber et al. 2001) . In most cases, the studies were done using furrow irrigation. In addition, few studies have compared the effect of CI and SI on water quality. Some studies have examined sediment or nutrients in runoff Evans et al. 1995; Sirjacobs et al. 2001 ), but few studies have compared leaching of solutes under CI and SI irrigation (Miller and Schock 1992; Colorado State University Cooperative Extension 1993; Spalding et al. 2001) . Generally, most studies have reported that SI reduced sediment or nutrient loads in runoff as well as leaching of soluble salts or nitrogen. However, Spalding et al. (2001) reported that SI (furrow irrigation of corn) was unable to satisfactorily limit NO 3 -N leaching compared to CI, negating any inherent water quality benefits of applying less water and nitrogen. We are unaware of any studies that have compared the effect of CI and SI irrigation on water quality under border-strip irrigation. Bakker (1994, 1995) compared hydraulic parameters under CI and SI for border-strip irrigation in southern Alberta, but did not examine the effect of these two irrigation methods on water quality.
The objective of this study was to compare the effect of CI and SI irrigation on hydraulic parameters and water quality under border-strip irrigation.
Materials and Methods
The experiment was conducted on a Dark Brown Chernozemic soil (clay loam) located at the Lethbridge Research Centre in Alberta, Canada. The land was leveled from north to south with a slope of about 0.5%. Six border-strip plots (112 × 5.5 m) separated by border dikes and grass-buffer strips (112 × 2.2 m) were constructed for this study. A drainage ditch was constructed at the end of each border plot. Drainage tile was installed from the drainage ditch to a return-flow drain where hydrological instrumentation measured surface runoff from the plots. Hydrological instrumentation consisted of a weir and flume, float-assembly, potentiometer unit for measuring the water level, and a datalogger (Foroud and Hlibka 1989) .
Ceramic-tip suction lysimeters (Hoskins Scientific, Vancouver, B.C.) fitted with plastic tubing for sampling were installed approximately 23 and 76 m (up-slope and lower-slope locations, respectively) from the inlet of each plot at depths of 30, 60, 90 and 122 cm below the soil surface. A hole was dug to the appropriate depth, fine silica flour (100 mesh) added to cover the ceramic tip, and then bentonite chips and soil added to complete the installation. Aluminum access tubes were also installed to a depth of 110 cm at the up-slope and lower-slope positions of each plot for measurement of soil water content. In addition, slotted PVC pipes were installed to a depth of 3.3 m at these same locations for groundwater monitoring.
The plots were seeded to barley (Hordeum vulgare) in 1996 and 1997. Irrigation water was delivered by gravity to the border-strip plots from gated pipe at the top of the field at a rate of 800 L min -1 . The details of the four irrigation events conducted in July and August of 1996 and 1997 are shown in Table 1 . A Waterman ® LVC-5 irrigation surge controller (Waterman Industries, Inc., Exeter, Calif.) was used to program the advance (wetting of field) and cutback (post-advance) phases and cycles of surge irrigation. Irrigation cycles were optimized for the length of the plots and local conditions. Four surge cycles were used, except for plots 1 and 5 in July of 1996, where seven cycles were used. Cycle times (on-time + off- Cutback cycles = total on-time + total off-time for cutback irrigation phase following surge cycles.
time) ranged from 6 to 66 min. A cycle ratio (on-time/on-time + off-time) of 0.5 was used for all surge irrigations. Irrigation was conducted to achieve advance of the irrigation stream to the end of the plots. Cutback irrigation was conducted after surge cycles in 1997. Two to four cutback cycles were used, cutback cycle times ranged from 26 to 50 min, and a constant cutback cycle ratio of 0.5 was used. Cutback irrigation reduces the quantity of tail-water lost after water reaches the end of the field, and the ideal cutback has the rate of flow onto the field approximate to the infiltration rate of water into the field (Coupal and Wilson 1990) .
Chloride was used as a conservative tracer to track movement of non-adsorbed solutes (e.g., NO 3 ) in surface runoff and leaching through the soil. Prior to the first irrigation in July of 1996, KCl (potash, 0-0-60) was hand-applied with a fertilizer spreader to each plot at the rate of 130 kg ha -1 Cl. The amount of Cl applied was equivalent in moles per unit area, to the amount of NO 3 in a 130-kg N ha -1 application of NH 4 NO 3 .
Surface runoff from the plots was measured with the hydrological instrumentation as described above. When the irrigation advance reached the end of the plots, surface runoff samples were taken at approximately 23, 56 and 112 m (up-slope, mid-slope and tailwater locations, respectively) from the inlet of each plot, and analyzed for chloride and sediment concentration. The flow-weighted mean concentration (FWMC) in tailwater outflow at the end of the plots was determined from the total mass of chloride or sediment divided by the total water outflow.
Soil water samples were collected from the suction lysimeters at various days after irrigation in July 1996 (2, 3, 4 and 5 days), August 1996 (1 day), July 1997 (1, 2 and 3 days), and August 1997 (1, 2 and 5 days). A suction of 60 kPa was applied to the suction lysimeters to collect the soil water samples. Soil water samples were stored in plastic bottles, frozen at -20°C, and then analyzed for chloride.
Soil samples were collected at 23 and 76 m (up-slope and lower-slope locations) from the top of plots before the first irrigation (day 0), and then at various days after irrigation in July (6 days) and August (8, 29 days) of 1996, as well as in July (7, 19 days) and August (9 days) of 1997. Soil samples were collected at 20-cm depth increments from 0 to 100 cm. Samples were air-dried, ground to pass a 2-mm sieve, extracted using a 1:5 (soil:water) ratio, and then analyzed for chloride.
Chloride in aqueous extracts from soil as well as water samples was determined on the autoanalyzer using the mercuric thiocyanate method (Technicon Industrial Systems 1974) . Sediment or total solids in surface runoff was determined by evaporating the sample in a weighing dish and drying to constant weight at 103 to 105°C (APHA 1989) . Soil water content was measured at depths of 20, 40, 60, 80 and 100 cm using the neutron probe method (Topp 1993) . Readings were taken at various days before and after irrigation in July (0, 2, 5, 7, 14, 22 days) and August (0, 1, 29 days) of 1996, and in July (0, 1, 2, 3, 8, 12, 29, 39 days) of 1997. No soil water readings were obtained for the irrigation in August of 1997 (neutron probe inoperative).
Statistical analyses of the dependent variables was conducted using a MIXED model analyses (SAS Institute, Inc. 1989) . A probability level of P ≤ 0.10 was considered significant.
Results and Discussion

Irrigation Hydraulic Parameters
Irrigation treatment generally had a significant (P ≤ 0.10) effect on all hydraulic parameters when expressed on an absolute basis ( Table 2 ). In contrast, irrigation treatment had no effect on hydraulic parameters (surface runoff and infiltration depth of water) when expressed as a percentage of the total irrigation water applied. The depth of irrigation water applied was 129 to 304% lower for SI than for CI for all four irrigation events (Table 1 ). Other studies have generally reported less irrigation water applied under SI than CI Goldhamer et al. 1987; Amali et al. 1997; El-Dine and Hosny 2000) . In contrast, Snaith and Bakker (1995) reported that SI did not reduce the depth of irrigation water applied compared to CI on clay loam and clay loam-sandy clay loam fields in southern Alberta. Surface runoff was lower for SI than CI by 93 to 257%, and was consistent with most previous studies (Goldhamer et al. 1987; Amali et al. 1997; El-Dine and Hosny 2000; Kanber et al. 2001 ). However, Walker and Schlegel (1984) found greater surface runoff under SI than CI. Izuno and Podmore (1986) used computer simulations and showed that the quantity of runoff was dependent on the number of surge and cutback cycles, as well as the inflow rate. The maximum rate of surface runoff was significantly lower for SI than CI by 25 to 146% for all irrigation events except July 1997. El-Dine and Hosny (2000) reported similar maximum runoff rates for two fields (loam) under SI and CI.
Advance time of the irrigation stream to the end of the plots was shorter for SI than CI by 214 to 273% for the two irrigations in 1996. Shorter advance times and on-off cycles resulted in lower total irrigation time for SI (78-156 min) compared to CI (215-416 min) ( Table 1 ). This has the potential for considerable time savings under surge irrigation. Contrasting results for advance times have been previously reported. Researchers have found faster (Bishop et al. 1981; Bakker 1994, 1995; El-Dine and Hosny 2000; Kanber et al. 2001) , similar , and slower (Goldhamer et al. 1987) advance times under SI compared to CI. Miller et al. (1987) reported that relative advance times depended on the year and whether it was the first or second irrigation.
The infiltration depth of water into the soil was less for SI than CI by 135 to 390%, and was consistent with previous studies (Goldhamer et al. 1987; Evans et al. 1987; El-Dine and Hosny 2000; Kanber et al. 2001; Sirjacobs et al. 2001 ). However, Amali et al. (1997) reported similar infiltration depths under SI and CI, and Kanber et al. (2001) found that infiltration depth under SI decreased dramatically when the inflow rate was lowered and the cycle ratio decreased. One of the potential drawbacks of surge irrigation is that if infiltration rates are lowered, problems may arise in increasing storage of water in the soil profile (Yonts et al. 1995) .
Surge had a significant effect on most hydraulic parameters, even though the soil was tilled at least two months before the first irrigation in July. During this time, the soil surface had undergone considerable con- 55.2 ± 7.6 73.7 ± 7.0 76.9 ± 4.1 74.5 ± 4.1 Surge 63.9 ± 7.6 62.5 ± 7.0 74.5 ± 4.1 77.8 ± 4.1 a F values significant at 0.10 ( †), 0.05 (*), 0.01 (**) and 0.001 (***) probability levels, respectively (NS = not significant).
b Least-squares mean value ± standard error. c na; not available as advance times were not measured in 1997. d Infiltration depth of water = total irrigation inflow-total runoff outflow.
solidation and compaction, and a visible crust had formed on the soil surface prior to irrigation. Surge generally has the greatest effect on non-compacted soil (Coolidge 1981; Kemper et al. 1988; Sirjacobs et al. 2001) , since the basic mechanism is a reduction in intake rate caused by compaction and consolidation of the soil surface (Kemper et al. 1988) . Maximum differences between SI and CI occurred during the first irrigation for runoff outflow, maximum outflow rate and advance time, and was consistent with surge having the greatest effect during the first irrigation (Samani et al. 1985; Stringham 1988) . Positive results with SI irrigation on our clay loam soil that contains cracks is also in contrast to previous reports that SI works best on coarser rather than finer textured soils with cracks (Goldhamer et al. 1987; Saleh and Hanks 1989; Snaith and Bakker 1994) . Our results suggest that the SI may positively improve certain hydraulic parameters, even on clay loam soils with cracks that have not been recently tilled, and that have undergone significant consolidation.
Soil Water Content
Irrigation treatment had no significant (P > 0.10) effect on total soil water content at the various successive days following the first three irrigations (data not shown), and no trend was discernible (water content was not measured in August 1997). An example of the soil water distribution with depth for the irrigation in July 1996 is shown on Fig. 1 . Soil water content (20-80 cm) was generally between field capacity and saturation in July 1996 (Fig. 1) , as well as in August 1996, and July 1997 (data not shown). Soil water content at the 20-and 40-cm depths prior to irrigation in August 1996 was less than field capacity, and was much drier than prior to the other two irrigations. Similar soil water contents under the two irrigation treatments were surprising, since 135 to 390% more irrigation water infiltrated into the soil under CI than SI. We believe that the lack of treatment effects on soil water content may have been partially due to the shallow water table under SI (1.32-2.43 m) and CI (1.20-2.28 m), which may have obscured potential treatment effects on soil water at greater depths.
We expected a strong irrigation x location interaction, where soil water would be similar (i.e., more uniform) between the up-slope and lower-slope locations under SI, and significantly higher at the up-slope than lower-slope locations under CI (i.e., less uniform). However, this interaction only occurred once at 22 days after irrigation in July 1996. At this time, soil water was significantly higher at the up-slope (0.325 m m -3 ) than lower-slope (0.300 m m -3 ) locations under CI; and there was no difference in soil water between the up-slope (0.303 m m -3 ) and lower-slope (0.291 m m -3 ) locations under SI. This finding indicated better uniformity of water redistribution under SI than CI for that particular day. In comparison, some researchers have reported more uniform soil water distribution under SI than CI Bakker 1994, 1995; El-Dine and Hosny 2000) , whereas others found that SI did not improve the spatial uniformity of soil water (Amali et al. 1997 ). The latter authors attributed similar variances of soil water under SI and CI to random cracks in the soil, ran-dom movement and settling of soil particles, and to random alteration of the pore-size distribution.
Although there was little or no two-way interaction in our study, location did have a strong significant effect on soil water. It was higher at the up-slope than lower-slope locations under both irrigation methods for all dates after the three irrigations, indicating a potential for greater leaching at the up-slope location. Overall, SI did not increase soil water content relative to CI, and uniformity of soil water showed little or no improvement under SI compared to CI.
Chloride in Surface Runoff
Chloride concentration (mg L -1 ) in surface runoff was not affected (P > 0.10) by irrigation treatment for the first three irrigations (Table 3) . The exception was for August 1997, where chloride concentration was significantly higher by 44% for CI than SI. Location had a significant effect on chloride concentrations for all irrigations except July 1997 (Table 3) . Concentrations increased from the up-slope location to the tailwater location for the two irrigations in 1996; but in August of 1997, concentrations were higher at the up-slope location and in tailwater than at the mid-slope location. Irrigation treatment had no significant effect on the flow-weighted mean concentration (FWMC) of chloride in tailwater (Table 3 ). The 5.0 ± 1.5 d 2.7 ± 0.3 2.7 ± 1.3 2.3 ± 0.2 Surge 7.0 ± 1.5 2.8 ± 0.3 3.9 ± 1.3 1.6 ± 0.2 Up-slope a 2.8 ± 1.8a e 2.2 ± 0.3a 2.2 ± 1.5 2.3 ± 0.2a Mid-slope 4.5 ± 1.8a 2.9 ± 0.3b 2.0 ± 1.5 1.6 ± 0.2bc Tailwater 10.7 ± 1.8b 3.2 ± 0.3b 5.7 ± 1.5 2.0 ± 0. b Flow-weighted mean concentrations (FWMC) and mass losses based on tailwater sampling.
c F values significant at 0.10 ( †), 0.05 (*), 0.01 (**) and 0.001 (***) probability levels, respectively (NS = not significant).
d Least-squares mean (LSM) value ± standard error. e LSM values (by column) for three locations followed by same lower case letter are not significantly different (P ≤ 0.10). trend, however, was for slightly greater FWMC values under SI than CI. Mass loss of chloride in tailwater was not affected by irrigation, except for July 1996 (Table 3) . At this time, mass loss was 180% higher for CI than SI. Of the 130 kg ha -1 chloride applied to each plot, only 11% or less (≤ 13.7 kg ha -1 d -1 ) was lost in surface runoff (Table 3 ). This indicated that the majority of chloride was transported from the soil surface via infiltration rather than runoff.
Sediment in Surface Runoff
Sediment concentration was not affected (P > 0.10) by irrigation treatment (Table 4) . However, the trend was for higher mean values under SI than CI for three of the four irrigation events. Location had a significant effect on sediment concentration in 1996. In July 1996, sediment concentration was significantly higher at the mid-slope than at the up-slope location. In August 1996, sediment concentration was higher in tailwater than at the up-slope location. Our finding of greater sediment in runoff at the mid-slope location or in tailwater compared to the up-slope location was consistent with greater erosion from the upper portion of SI and CI fields (Evans et al. 1995; Miller et al. 1987) . The FWMC of sediment in tailwater was not affected by irrigation treatment. However, there was a consistent trend of higher FWMC under SI than CI.
Mass loss of sediment was not affected by irrigation treatment, but there was a trend of higher losses under SI than CI for three of four irrigations. The runoff water from our plots was visibly clean with little sediment, and we could not use the Imhoff cone method of determining sediment because of the low amount of solids in our samples. Other researchers have generally reported lower sediment loads in surface runoff under SI than CI Evans et al. 1995; Sirjacobs et al. 2001) . In addition, their sediment loads were considerably greater than the values found in our study. We attributed this difference to greater erosion in the non-cropped furrows of their study compared to the cropped border strips of our study. In addition, our plots had not been tilled for over two months and a crust was visible on the soil surface, which would have contributed to a low soil erosion potential in these plots.
Chloride Concentrations in Suction Lysimeters
Irrigation treatment had no significant (P > 0.1) effect on concentration of chloride in suction lysimeters (Table 5 ). However, there was a consistent trend of lower chloride under CI than SI irrigation for all 11 days after irrigation, indicating a potential for greater leaching under SI. Location had a significant effect on chloride 2 and 3 days after irrigation in July 1997; as well at 1, 2 and 5 days after irrigation in August 1997. On all five days, chloride was considerably lower at the lower-slope than up-slope location. There were no significant two-way (irrigation x depth, location x depth) or three-way (irrigation x location x depth) treatment interactions.
Total Mass of Chloride in Soil Profile
Irrigation method had no significant (P > 0.10 ) effect on the total mass of chloride in the soil profile (0-to 100-cm depth) (Table 6 ). However, there was a non-significant trend of lower chloride in the soil under CI than SI irrigation, indicating a potential for greater leaching under CI. Location had a significant effect on mass of chloride on day 7 in July 1997, where chloride was lower for the lower-slope than up-slope location. The non-significant trend was also towards decreased chloride b Flow-weighted mean concentrations (FWMC) and mass losses based on tailwater sampling.
d Least-squares mean (LSM) value ± standard error. e LSM values (by column) for three locations followed by same lower case letter are not significantly different (P ≤ 0.10). values for the lower-slope than up-slope location. This was consistent with the suction lysimeter results. Lower chloride at the lower-slope than up-slope location for both the suction lysimeters and soil profile was unexpected since the intake opportunity time (i.e., time water is ponded on soil surface) is greater at the upper than lower end of the field under surface irrigation. We are unsure as to why this trend occurred. There was a significant irrigation x location interaction on day 8 in August 1996; where the up-slope location under SI was higher (1021.7 kg ha -1 ) than the lower-slope location under SI (729.1 kg ha -1 ) and the up-slope location under CI (590.8 kg ha -1 ).
The chloride mass distribution with depth and time under CI and SI is shown on Fig. 2 and 3 . The chloride profiles are typical of leaching of a conservative or non-adsorbed tracer that is applied to the soil as a pulse. For example, immediately before irrigation at the upper-slope location under CI in July 1996, the amount of chloride was approximately 50 kg ha -1 . The amount of chloride then gradually increased to a maximum (100-150 kg ha -1 ) immediately before irrigation in August 1996. After irrigation in August, it gradually decreased to a minimum 29 days after the August irrigation. Maximum chloride amounts (20-100 cm) or peak breakthrough of chloride generally occurred immediately before the August 1996 irrigation, or 8 days after the August 1996 irrigation (Fig. 2) . In 1997, peak chloride amounts were attained 7 or 19 days after the July irrigation (Fig. 3) .
Overall, irrigation method had no effect on chloride concentrations in the suction lysimeters and the mass of chloride in the soil profile. However, there was a non-significant trend towards lower chloride under CI than SI, indicating a potential for greater leaching under the former method. This trend is consistent with the findings of Miller and Schock (1992) , who reported greater nitrogen leaching under CI than SI for a silt loam soil (onion crop) in Oregon. In contrast, Miller et al. (1965) reported greater leaching of chloride under intermittent ponding of surface water compared to continuous ponding. Fig. 3 . Mass of chloride in the soil profile at the up-slope (U) and lower-slope (L) locations of the continuous-irrigation (C) and surge-irrigation (S) plots before and after irrigation in July and August 1997. Chloride profiles are for before (Jul-0, day 0), 7 d (Jul-7) and 19 d (July-19) after irrigation in July; and before (Aug-0) and then 9 d (Aug-9) after irrigation in August. Number in bracket is identifier linking legend definition and chloride profile.
Water Table Depth and Chloride in Groundwater
The mean water table depth ranged from 1.20 to 2.28 m for CI and from 1.32 to 2.47 m for SI (Table 7) . Water table depth below the ground surface was not affected (P > 0.10) by irrigation method, except at 5 days after irrigation in July 1997, where it was significantly shallower under CI than SI (Table 7) . The non-significant trend for the other dates was also similar, and was consistent with the non-significant trend of greater leaching potential under CI. We expected a shallower water table under CI than SI because of the greater depth of infiltrated water under CI. There was a significant irrigation x location interaction at 3 days after irrigation in August 1997. At this time, the water table at the up-slope location under CI (1.12 m) was significantly shallower than at the lower-slope location under CI (1.29 m) and SI (1.49 m), and the up-slope location under SI (1.16 m) was significantly shallower than the lower-slope location under SI (1.49 m). Location had a strong significant effect on water table depth, where it was consistently shallower at the up-slope than lower-slope location. This trend was consistent with soil water content in the soil profile, and suggests that more soil water was percolating below the root zone into the groundwater at the upper end of the plots.
Chloride concentrations in the groundwater were not significantly (P > 0.10) affected by irrigation method (Table 7) . There was a trend for higher chloride under SI than CI at 7 days after the irrigation in July 1996, and 6 days after the irrigation in August 1996. In contrast, chloride was higher under CI than SI at 5 and 14 days after irrigation in July 1997, and at 3 days after irrigation in August 1997. Chloride concentration was not affected by location, except at 6 days after irrigation in August 1996, where it was higher at the up-slope than lower-slope location. This was consistent with the non-significant trend at the other dates.
Although the water parameters for surface runoff and leaching (i.e., depth of surface runoff and depth of water infiltration) indicated significantly greater runoff and leaching under CI than SI, the chloride and sediment in runoff, and chloride in soil, suction lysimeters and groundwater, suggested there was no significant difference in transport of chloride and sediment. The discrepancy between the water and solute or sediment parameters illustrates the importance of measuring the actual transport of chemicals or sediment in runoff, soil and groundwater. We believe that the extremely low chloride and sediment concentrations in surface runoff may have precluded any significant effect of irrigation method. The chloride in runoff was low because the majority infiltrated into the soil. Similarly, the sediment concentration in the runoff was also very low, mainly because of the crust on the soil surface and crop cover, which would have decreased soil erosion. In addition, the number of replicates (three) in this study may have been a contributing factor to the lack of significant treatment effects on runoff and leaching. July 96-7 is 7 d after irrigation in July 1996; August 96-6 is 6 d after irrigation in August 1996, etc.
c F values significant at 0.10 ( † ), 0.05 (*), 0.01 (**) and 0.001 (***) probability levels, respectively (NS = not significant).
d Least-squares mean ± standard error.
e Samples not available (na) for this date.
Conclusions
Our finding of no water quality benefit of surge over continuous irrigation for border-strip irrigation of barley on a clay loam soil was consistent with the similar conclusion of Spalding et al. (2001) for furrow irrigation of corn on a silt loam soil in Nebraska. However, our study revealed that the major benefit of SI over CI irrigation is in conservation of irrigation water. Lower than normal snowpack in the mountains in southern Alberta during 2000, together with below-normal rainfall during the growing season of that year, resulted in enforced rationing of irrigation water. Increasing shortages of irrigation water and increased frequency of drought in the future may require that beneficial management practices such as SI irrigation be implemented.
Irrigation treatment had a significant effect on absolute values of surface runoff and infiltration depth of water; however, there was no effect when these parameters were expressed as a percentage of the total irrigation water applied. Although surface runoff outflow was significantly lower under SI than CI irrigation, we generally found no benefit of SI over CI in lowering chloride and sediment in runoff. The exception was significantly lower chloride concentration in runoff during August 1997, and significantly lower mass of chloride in runoff during July 1996; which indicated a potential for reduced soluble chemicals under SI for certain irrigations. Even though advance times were faster and infiltration less under SI than CI, this did not result in greater soil water storage, more uniform soil water content, or less leaching under SI. However, there was a non-significant trend towards lower concentrations and mass of chloride in the soil under CI than SI, indicating a potential for greater leaching under CI. Although SI may not improve water quality of runoff and groundwater compared to CI, we believe it is still the preferable method of surface irrigation since it results in saving between 129 to 304% more irrigation water than CI. In addition, SI results in greater time savings because of the faster advance times and lower total time required for applying the irrigation water. Location within the plot generally had a significant effect on chloride and sediment in surface runoff, chloride concentrations in suction lysimeters, and water table depth.
